ABSTRACT The macroscopic and the microscopic diffusion coefficients of a phospholipid spin label (16-PC) in the model membrane 1 -palmitoyl-2-oleoyl-sn-glycero-phosphatidylcholine have been measured simultaneously in the same sample utilizing the new technique of spectral-spatial electron spin resonance imaging. The macroscopic diffusion coefficient Dmacro for self-diffusion of 16-PC spin label is obtained from imaging the concentration profiles as a function of time, and it is (2.3 + 0.4) x 1 o-8 cm2/s at 22C. The microscopic diffusion coefficient Dm,ro for relative diffusion of the spin probes is obtained from the variation of the spectral line broadening with spin label concentration, which is due to spin-spin interactions. Dmicro is found to be substantially greater than D,,cro for the same sample at the same conditions, and is estimated to be at least (1.0 + 0.4) X 10-7 cm2/s. Possible sources for their difference are briefly discussed in terms of the models used for Dmic,o
INTRODUCTION
Lateral diffusion of membrane components is a fundamental property of fluid biomembranes. Translational diffusion of lipids and proteins is essential for various biological processes (1) . A variety of techniques have been developed to measure the translational diffusion coefficients in model or biomembranes. The techniques can be divided into two general categories according to the distance scale of measurement. Macroscopic methods, such as NMR-spin echo (2, 3) , fluorescence recovery after photobleaching (FRAP) (4, 5) , and dynamic imaging of diffusion by electron spin resonance (ESR) (6-9) measure changes in the bulk distribution of labeled molecules with time, and generally cover distances of a few to a few hundred micrometers. Microscopic methods measure diffusion over lengths of the order of molecular diameters, i.e., a few tens of angstroms. Such techniques detect encounters between labeled molecules by excimer formation (10) , quasielastic neutron scattering (11) , or Heisenberg spin exchange (HE) (12) (13) (14) (15) (16) (17) .
Macroscopic experiments are, in general, interpreted in terms of simple phenomenological descriptions of diffusion (e.g., Fick's second law) to yield the selfdiffusion coefficient. However, for microscopic methods, the analysis leading to the relative diffusion coefficient depends heavily upon the choice of the microscopic molecular dynamic model, resulting in considerable uncertainty in the estimated diffusion coefficient. Furthermore, since such methods detect encounters beDr. Ewert is on leave from the Center of Scientific Instruments, Academy of Sciences, G.D.R. tween labeled molecules, the nature of the mixing of the label molecule in the fluid will be a relevant factor. Nevertheless, these methods are extremely important for investigating the microscopic dynamic molecular structure of membranes. In many cases, the modelindependent macroscopic diffusion coefficient can provide a "benchmark" for interpreting experiments on microscopic molecular transport processes. An ideal experiment for such a comparison would be one in which the macroscopic and the microscopic diffusion coefficients are simultaneously measured in the same sample.
Dynamic imaging of diffusion by ESR (DID-ESR) has been very successful in accurately measuring the macroscopic diffusion coefficients of spin labels in model membranes (7, 8) . However, this method requires that the ESR spectrum be independent of position throughout the sample. Therefore, the spin label concentration must be kept low enough to ensure that any changes in ESR line shape due to spin-spin interactions are negligible.
Spectral-spatial ESR imaging (18-21) is a promising new technique for generalizing DID-ESR to study diffusion of spin probes in systems with substantial spin concentration. Spectral-spatial ESR imaging provides a way to resolve the concentration (or position) dependent spectral variation in a two-dimensional fashion as illustrated in Fig. 1: i.e., along one axis (the spatial axis) it gives the spin concentration profile, whereas along the other axis it gives the ESR spectrum at that position (and spin concentration). This method has previously been illustrated for the investigation of transport in b FIGURE 1 ESR Spectral-spatial image of the 16-PC nitroxide spin probe diffusing in aligned multilayers of the lipid POPC viewed (a) along the spectral axis to display the spatial distribution, (b) along the spatial axis to display the spectral dependence on position, and (c) in perspective.
nonuniform media (22) and for studying 02 distributions (23) .
In this report we present our successful simultaneous measurement of both the macroscopic and microscopic diffusion coefficients, Dmacro and D,,,.m, respectively, of a spin-labeled phospholipid in a model membrane utilizing a substantial spin concentration and spectral-spatial ESR imaging. If the spin probe is initially concentrated in a small region of the sample, its distribution will tend over time to become homogeneous via translational diffusion. By measuring several spectral-spatial images at different times, we can analyze the spread of the concentration profile as a function of time to obtain the macroscopic diffusion coefficient from the diffusion equation, by analogy with the DID-ESR method (7, 24) .
In addition, the macroscopic diffusion will produce a continuous variation of spin concentration along the spatial axis. Thus, at a later time one can obtain an entire set of concentration-dependent ESR spectra from the spectral-spatial image of just a single sample. Such an experiment will be equivalent to the spectra obtained from many different homogeneous samples that must be prepared with different spin concentrations for conventional ESR studies of HE (17, 14, 16) . The In comparing the results on macroscopic diffusion via ESR imaging vs. microscopic diffusion via spin-spin interactions, it is important to note that the former provides the macroscopic tracer diffusion coefficient of the spin label, which can be identified as the selfdiffusion coefficient of the lipid in cases when the two are very similar (7, 8) ; however, the latter provides a microscopic relative diffusion coefficient which has been shown to be very sensitive, not only to diffusion, but also to relative interactions between colliding spin labels, and how they are influenced by their milieu (17, 26) . Clearly also the probability of biomolecular collisions is influenced by any nonideal mixing of the spin labels (17, 26) .
MATERIALS AND METHODS
Materials and sample preparation The total number of spins in the sample could be determined from the initial spatial distribution of spin label obtained by ESR imaging (vide infra) shortly after its preparation. This initial distribution showed a plateau with rounded edges and a flat region of -0.3 mm width corresponding to the 9.1 mol % strip of spin-labeled lipid, which is used to calibrate the initial mole fraction distribution, x0(z). An integration of this initial spatial distribution will give the total number of spins, n = f x, (z)dz [dM hl ], where dM is the molar density, and h and 1 are the height and length of the sample. At later times, x(z, t) will change, but the integral f x(z, t)dz = n/dMhl remains independent of time. This fact was used to calibrate the x(z, t) for later times. We estimate an error of no more than 5% in this integral, which is mainly due to baseline correction of the reconstructed image.
Spectral-spatial imaging
The basic premise underlying spectral spatial imaging methods is that the spatial dependence of the ESR spectral intensity can be represented as a "pseudo-object" in a space consisting of an intrinsic frequency coordinate (the spectral dimension) and one or more spatial dimensions. Fig. 1 shows an example of such an object in one spectral and one spatial dimension. The imaging method used is the multiple stepped gradient (18-21) (in earlier papers [27, 28] (2) Integration of the spectral-spatial image intensity along the spectral axis in Fig. 1 gives the spatial profile of the spin concentration at a given time. Immediately after sample preparation, the initial spatial profile appears as a narrow plateau with rounded edges. After the samples are allowed to diffuse for -2 h at room temperature, the concentration profile is well approximated by a Gaussian distribution (see Fig. 1 ), and its time-dependence, C(x, t) is given by
where the variance &2(t) = 62(0) + 2Dmacrot and 82(0) is the variance of a Gaussian profile at t = 0 (9). The plot of &r(t) vs. t is shown in Fig. 2 ; the time needed for the macroscopic diffusion measurement was 10 h, which corresmpds to an average molecular displacement Ar = ,/2Dt 400 p,m. Dmacro determined from the slope in Fig. 2 is (2.3 ± 0.4) x 10-8 cm2/s at 22°C, which agrees rather well with our previous result on the same system (Dmacro 3 x 10 cm2/s) (7) A thorough discussion of the analysis of concentrationdependent line broadening has been given elsewhere (17) . In summary, the concentration-dependent ESR line broadening can be considered to arise from HE and from electron-electron dipolar (EED) interactions between the electron spins on neighboring spin probe molecules. According to modem HE theory (17, 32, 33) , the Heisenberg spin exchange contribution to the line width in the strong exchange limit of exchange broadening, and assuming Brownian diffusion, is given for '4N nitroxides by (12, 17) 8,r T-(HE) = ) dDmjc.NACf* (4) where d is the encounter distance for two spins, Dmi. is the microscopic self-diffusion coefficient, NA is the Avogadro number, C is the molar concentration of spins, andf* is a partition function given by (f*)l -d X exp [U(r)IkT] dr, (5) in which U(r) is a mean-field pair interaction potential for the spin probe molecules (i.e., the potential of the mean force). In contrast, the EED contributions to the 0.0055 .. . linewidth are (12, 34) "E E D' (19 (17, 26) and it has been suggested that more generally the concentration C should be replaced by the thermodynamic activity of the spin label, especially at higher concentrations (26) . To affected by inhomogeneous broadening due to proton superhyperfine structure, which however has been exchanged out in the higher concentration regime (16, 36 Given the lineshape distortions due to this source for x < 0.02 (consistent with the observations of Sachse et al.) as well as the reduced signal-to-noise at these concentrations, we will only treat in detail the results for x > 0.02, where the lineshapes are simple Lorentzians.
We investigated the temperature dependence of the slope dAH/dC for the region of high spin probe concen- (8) where A = 3.31 x 1014 (dD°) G * V/mol and B = 1.24 x 10-12 (1/dD°) G * V/mol assumingf * = 1 (17) . The values of dAHIdC at several temperatures were fit to Eq. 8 to yield the three unknown parameters, as shown in Fig. 4 . The best fitting parameters are dD°= (7. Eqs. 4 and 6 have been derived for isotropic diffusion in three dimensions. For anisotropic fluids such as membranes, it has been suggested (17, 37) (41) . The microscopic relative diffusion that EED measures in two dimensions is also found to be extremely sensitive to the details of the membrane structure, and this suggests that our simple use of U(r) and f * in Eq. 5 will require significant modification as one develops more detailed models for EED and HE based on the dynamic structure of membranes. Clearly, the role of nonideal mixing on the dynamic structure can also be important. In the case of HE, the profound effect of dimensionality (even ignoring any role of dynamic structure) is closely related to that for the probability of first encounter of the exchanging radical pairs (40) , originally discussed by Naqvi (42) , which showed that for two dimensions, unlike three dimensions, it never even reaches a steady state. Finally, we note that effective dimensionality of the motion may differ from both the two-dimensional and three-dimensional models in biologically relevant cases of extreme membrane curvature. Although we regard such complex matters as beyond the scope of the present work, one may hope that future studies by spectral-spatial imaging could shed some light on these theoretical matters.
Another observation relates to the value of U(d) of + 1.6 kcal/mol obtained from the higher concentration range, which appears to imply a net repulsive interaction between colliding 16-PC molecules when they are in the milieu of other 16-PC molecules, but further studies are needed to confirm the accuracy of these details. We have refrained from detailed consideration of the lower concentration range spectra because of their lower signal-to-noise and inhomogeneous broadening. However, after correcting for the latter (cf. references 16 and 36) We believe that such simultaneous measurements on various systems will provide an important tool to study the microscopic dynamic structure of membranes, and it will be extremely useful in the development of better models for molecular dynamics in membranes.
